The plant storage vacuole is involved in a wide variety of metabolic functions a great many of which necessitate the transport of substances across the tonoplast. Some solutes, depending on the origin, have to cross the plasma membrane as well. The cell is equipped with a complex web of transport systems, cellular routes, and unique intracellular environments that support their transport and accumulation against a concentration gradient. These are capable of processing a diverse nature of substances of distinct sizes, chemical properties, and origins. In this review we describe the various mechanism involved in solute transport into the vacuole of storage cells with special emphasis placed on solutes arriving through the apoplast. Transport of solutes from the cytosol to the vacuole is carried out by tonoplastbound ABC transporters, solute/H + antiporters, and ion channels whereas transport from the apoplast requires additional plasma membrane-bound solute/H + symporters and fluid-phase endocytosis. In addition, and based on new evidence accumulated within the last decade, we re-evaluate the current notion of extracellular solute uptake as partially based on facilitated diffusion, and offer an alternative interpretation that involves membrane bound transporters and fluid-phase endocytosis. Finally, we make several assertions in regards to solute export from the vacuole as predicted by the limited available data suggesting that both membrane-bound carriers and vesicle mediated exocytosis are involved during solute mobilization.
Introduction
No longer considered metabolically inactive and almost exclusively a storage/lytic compartment, the plant vacuole is now recognized as a multifunctional organelle, a notion supported by current data implicating the vacuole in a wide variety of metabolic functions [1] [2] [3] . Despite its relatively large volume and seemingly uncomplicated structure, the vacuole is a highly dynamic compartment capable of transforming both in terms of shape [1] and, in specific cell types, acquiring separate individual functions [4] [5] [6] . In special cases, vacuoles contain storage and lytic functional zones within the same vacuolar space [3] . Technological advancements during the past two decades have allowed for the identification of the vacuole's involvement in what once appeared unthinkable and improbable distant functions. We have long acknowledged the vacuole as being intimately involved in the maintenance of cell turgor and cell expansion [1] , a function achieved by the regulatory exchange of osmotically active solutes across the tonoplast [7] . As a lytic compartment, the vacuole participates in the degradation of proteins and recycling of amino acids [8] , and in the degradation of entire organelles through autophagosomes, especially during senescence [9] . Plant cells also use the vacuole as part of their defense strategies [10] , for detoxification [11] , nastic movements [12] , and as interim location in the process of ion secretion by salt glands [13] . During nectar production, the vacuole intervenes as the source of sugars [14] and directly participates in the secretion of viscin, the elastic, mucilaginous and sticky tissue that attaches falling parasitic mistletoe seeds to lower branches [15] . Basidiomycetes vacuoles serve as conduits for longitudinal transport of solutes [16] , whereas in the green algae Mesostigma viride, contractile vacuoles regulate water content [17] . The vacuole has long been accepted as the site of fructan synthesis [18] , and more recently it has been implicated in the production of other metabolites (e.g., nicotine [19] ) and in the final processing stages in the synthesis of cytosolic proteins [20] .
Above all, the vacuole is still considered as the main reservoir of metabolites, many of which their functions remain unidentified. In this treatise, we will focus on the vacuole as a temporary storage compartment, and on the mechanisms of solute transport into the vacuole in relation to their point of synthesis or origin. After a brief overview, we will concentrate the remaining discussion in addressing the dynamics of uptake, transport and accumulation of extracellular metabolites arriving via the apoplast in storage cells as depicted by saccharides, a system that involves the crossing of two sets of membranes (plasma membrane and tonoplast) and requiring equal or larger number of transport systems. We reexamine the two-phase hyperbolic kinetic curve of apoplastic solute uptake based on recent evidence regarding the existence fluid phase endocytosis. Finally, few observations on mobilization of stored compounds will be made. The paucity of data addressing this important function makes this more a difficult and subjective area to address at the present time.
Vacuolar contents
The number of compounds in plant vacuoles is largely dependent on plant species, type of organ, developmental stage, environmental conditions, and presence or absence of biotic and/or abiotic stress [11] . They range from simple sugars, organic acids, amino acids, fructans, ions, enzymes, secondary metabolites, xenobiotics and others [11] . In numerous cases, the local concentration of certain compounds can be exceptionally high, often exceeding the corresponding concentration in the cytosol, or in some cases, can be exclusively vacuolar. For example, the cyanogenic glycoside dhurrin makes up as much as 5% of dry mass in shoots of Sorghum bicolor seedlings, yet this compound is exclusively localized in the vacuoles of epidermal cells [21] . Other examples of sole vacuolar localization are pigments [22] , cyanogenic glucosides [23] and in several instances, sugars such as sucrose in redbeet hypocotyls [24] , citrus juice cells [25] and sugarcane parenchyma [26] . Several solutes can be found at higher concentrations in the vacuole than in other compartments as reported in some cases for hexoses in sugarcane [26] , Hippeastrum petals [27] and carrot taproot parenchyma [28] , and organic acids in several species [29] . Fructans, which are synthesized within the vacuole [18] and hexoses generated in the vacuole via the action of vacuolar acid invertase (or acid hydrolysis of sucrose) are not addressed in this treatise.
Experimental evidence suggests that substances within the plant vacuolar system derive from both intracellular biosynthetic pathways and from external sources arriving through the apoplast or symplast [1] . To support their transport and accumulation in the vacuole against a concentration gradient, the cell is equipped with a complex web of transport systems, cellular routes, and unique intracellular environments capable of processing such a diverse nature of substances of distinct sizes, chemical properties, and origins. Recent proteomic dissection of Arabidopsis thaliana identified 91 putative tonoplast transporters performing these functions [30] .
From the cytosol to the vacuole
For substances synthesized within the cytosolic milieu or arriving symplastically through the plasmodesmata, the tonoplast represents the sole physiological barrier in their trajectory to the vacuole. Their transport and accumulation against a concentration gradient can follow several routes involving primary or secondary active transport systems [31] energized directly by ATP, or indirectly via either a proton gradient ( pH), membrane potential ( « ) and/or proton electrochemical gradient ( H + ). These conditions are established by the two known tonoplast-bound H + pumps, i.e., the tonoplast bound V-ATPase and the H+-PPase [32] . The many transport systems reported for plant cells are summarized in Fig. 1 .
A number of secondary compounds involved in the interaction between plant and environment such as flavonoids, xenobiotics, toxic compounds and anthocyanins are typically transported across the tonoplast by ATP-binding cassette (ABC transporters [33] ), although evidence has also been presented in support of a vesicle transport mechanism for anthocyanins in Arabidopsis [34] . Primary active transporters such as glutathione transferases directly utilize ATP to energize the uphill transport into the vacuole from the cytosol. Other ABC transported substances include protein fragments to be degraded [35] , alkaloids and terpenoids [36] . Organic and inorganic ions are transported via a variety of mechanisms including Ca + -ATPase [37] and ATP-dependent citrate −3 transport [38] , for example. Ion/H + antiporters transport a number of ions including Na + , K + , Mg +2 , Zn +2 , Ca +2 , NO 3− and others [39, 40] . Additionally, transport of these aforementioned cations is mediated through ion channels which also participate in the regulatory flux of SO 4 − , HPO 4 − , malate −2 and citrate −3 across the tonoplast [39] . Ion accumulation through channels is largely empowered by the ca. 30 mV across the tonoplast [39, 41] as is the accumulation of NH 3 through water channels of the TIP subfamily [42] . Once organic ions enter the vacuole, the concentration gradient is maintained by a change in protonation within the acidic lumen [39] . A more detailed description of ion transport into the cell and vacuole is included in [39] . Polar metabolites, including hexoses [43] and sugar alcohols [44] , amino acids [39] and some flavonoids [45] are frequently sequestered in the vacuole presumably in a counter exchange for H + by specific tonoplast-bound antiporters [39] . Different transport systems have been proposed for amino acids depending whether they are neutral, basic or acidic [46] . A sucrose/H + antiporter at the tonoplast in sucrose synthesizing cells has yet to be demonstrated, although sucrose/H + antiport activity was established at the molecular and physiological level in vacuoles of Arabidopsis photosynthetic cells [47] . This transport activity, nevertheless, is achieved by a non-specific Tonoplast Monosaccharide Transporters TMT1/TMT2 and not a sucrose SUC family transporter per se. Any movement of ions or polar molecules via protein-based antiporters and/or channels also exploits the proton electrochemical gradient, a condition established by the tonoplast-bond H + pumps [31] .
Unlike carrier mediated transport, a vesicle-mediated system constitutes the primary vehicle for protein transfer from their endosomal synthesis compartments to the vacuole [48] . Different cellular routes exist to shuttle vacuolar proteins from their specific organelles of origin regardless of their final function, whether these proteins are destined to become integral tonoplast, soluble lumellar, or destined as storage proteins. Most vacuolar soluble proteins are synthesized in the endoplasmic reticulum as larger precursors with transit peptides and then transported into vacuoles, where precursor proteins are converted into their respective mature forms by vacuolar processing enzymes [49, 50] . The major route of protein transport to the vacuole is vesicle mediated from the endoplasmic reticulum through the Golgi/Trans-Golgi Network complex [51] . Direct trafficking from the ER to the vacuole has been identified for proteins targeted to specific protein storage vacuoles [52] . Similarly, a Golgi-independent vesicle-mediated anthocyanin transport system to the vacuole has been reported [34] .
Transport of photoassimilates from the apoplast
Contrary to solutes synthesized within the cytosol of photosynthetic and other cell types, photoassimilates (and other substances) arriving apoplastically at heterotrophic sink destinations and targeted to the vacuole must traverse two sets of membranes (i.e., the plasma membrane and tonoplast). Similar to other intracellular transport systems, trafficking from the apoplast to the vacuole is carried out by one or both of two mechanistically distinct pathways; carrier-and/or vesicle mediate transport [2] . The current model that describes the vacuolar accumulation of apoplastic solutes is centered around the successive electrogenic, carrier or channel-mediated crossing of the plasma membrane and tonoplast [53] with a diffusional component through the cytosol. This concept was formulated for organic photoassimilates based on early studies of sucrose, sorbitol and other solutes uptake into tissue slices, and is supported by studies carried out with protoplasts [54, 55] , purified The graph shows the saturable phase ascribed to a high-affinity/low-capacity mechanism, now known to be catalyzed by Suc/H+ symporters, and the linear, non-saturable phase, ascribed to a low-affinity/high-capacity mechanism. Although described as having characteristic of facilitated diffusion, the mechanism remains unknown.
Source: The figure was published originally by Ayre [53] and reprinted with authorization from the author and Molecular Plant Journal.
vacuoles [56] [57] [58] , isolated tonoplast [59, 60] and plasma membrane vesicles [61] . The more recent use of molecular and cellular tools has provided additional supporting evidence for the participation of the necessary protein-based carriers at both the plasma membrane and tonoplast [53, 62] for most of these compounds, and for the presence of a non-selective vesicle-mediated transport system [63] .
The conceptual basis for the current model describing the overall process of solute uptake from the apoplast and accumulation in storage vacuoles stems from early experiments of tissue incubation conducted over two decades ago. Uptake kinetics was typically characterized as a curvilinear process (Fig. 2 ). This physiological behavior has been reported for a number of tissues and solutes including sucrose in redbeet slices [64] , sorbitol in apple fruit [54] , mannitol in celery discs [65] , and polyamines in carrot roots [55] among others. In all instances, the biphasic accumulation curve has been ascribed to a combination of carrier mediated transport with a linear diffusion component at higher external solute concentrations (Fig. 2) . In accordance to the system, the first phase of the curvilinear response at low external solute concentrations represents a saturable component, high affinity phase energized by a transmembrane pH gradient [54, [64] [65] [66] . Supporting the concept of a pH-based plasma membrane transport is the fact that ionophores such as CCCP abolish the active transport phase in all instances [54, 64] . Corresponding plasma membranebound transporters and carriers mediate the initial electrogenic membrane-crossing of sucrose, hexose and amino acids uptake into sink cells. The majority of data for sucrose transport across the plasma membrane come from studies conducted with phloem tissues (see [67] ), although the same transporters have been physiologically demonstrated in scutellum cells of germinating wheat Triticum aestivum seeds [68] , grape Vitis vinifera berries [69] , sugarcane Saccharum officinarum storage parenchyma [70] , barley Hordeum vulgare seeds [71] and carrot root parenchyma [72] . The overall data strongly support the presence of electrogenic sugar carriers at the plasma membrane of sink cells. For additional details we refer the readers to reviews [53, 73] .
Solutes inside the cytosol must traverse the tonoplast to reach their vacuolar destination, a process regularly addressed but poorly understood. Early work [24, 74] established the existence of the necessary electrochemical conditions capable of supporting transtonoplast electrogenic solute import. Direct physiological evidence for sucrose transport across the tonoplast came from work with isolated vacuoles of redbeet hypocotyl where electrogenic uptake of sucrose from the media was demonstrated, and where the counter balance of sucrose and H + was implied [56] . The demonstration of other vacuolar systems capable of electrogenic solute uptake in purified tonoplast vesicles from redbeet hypocotyl [59, 75] as well as other storage organs such as Japanese artichoke tubers [58, 60] , and apples [57] , added pivotal support to the existence of a tonoplast-bound sucrose and other sugars-sugar alcohol/H + antiporters in storage cells. Despite some supporting data, findings of electrogenic sucrose transport at the tonoplast of storage cells has not been universal, with numerous failures reported for sucrose/sugar-alcohol uptake in pineapple [76] , tomato [77] , citrus juice cells [78] and pear fruit [40] . The difficulties in convincingly demonstrating a tonoplast-bound sucrose/H + antiporter in sink cells are also reflected by the lack of functional characterization of cloned higher plant transporters despite continuous efforts throughout the years [53] . All tonoplast-bound sucrose transporters of the SUC/SUT gene family identified to date have been characterized as sucrose/H + symporters and presumed to function in sucrose export [67, 79] . Therefore, despite some evidence in support, significant uncertainties remain in demonstrating the functional link between sucrose uptake into the vacuole and the proton gradient at the tonoplast of storage cells. This difficulty in obtaining evidence for a sucrose transporter at the tonoplast is baffling if one assumes that movement of internalized sucrose to the vacuole in heterotrophic sink cells should occur, at least in part, through the cytosol.
By contrast to the energy dependent and highly regulated hyperbolic phase, the linear unsaturable phase of solute uptake has been attributed to facilitated diffusion [80] , a process that remains highly enigmatic [53] , is thermodynamically unfavorable [31] , and a concept that appears to disregard all notions of cell regulation and homeostasis. The basic concept of free facilitated diffusion into the cell is also difficult to rationalize in light of sugars being signaling molecules [81] , and is at odds with numerous physiological studies and metabolite compartmentation measurements. Several pieces of evidence place doubts on the facilitated diffusion nature of the linear phase. For example, this phase is inhibited by anoxia and maltose [82] , and by ATPase inhibitors [66] , characteristics that conflict with facilitated diffusion. Furthermore, studies of solute compartmentation in redbeet [24] and other tissues [25, 26] found sucrose compartmentalized 100% in the vacuole. If all sucrose were to be transported into the vacuole through the cytosol (principally by facilitated diffusion), considerable amounts of sucrose would be expected to be in the cytosol, especially when the apoplastic sucrose concentrations fall within the high concentration range of the linear phase. Nevertheless, compartmentation analyses indicate that sucrose is nearly absence or at low levels in the cytosol, a condition at odds with unrestricted sucrose flow through the cytosol.
An attempt was made to reconcile similar irregularities obtained with membrane transport of ions into the vacuole of Nitella translucens, a giant celled algae amenable to such studies. The results indicated that the observed discrepancies are better explained by a transport process based on ion filled membrane vesicles rather than with a static system of protein carriers mediating single ion molecules [83] . In this regard, pinocytic vesicles consisting of a direct double invagination of plasma membrane and tonoplast into the vacuole have been observed in halophyte roots [84] . Similar suggestions for endocytic uptake of external solutes were made from work describing hexose uptake into potato tuber cells [85] . The implications are noteworthy given that linear transport kinetics are not unique to facilitated diffusion of metabolites, but in fact, linear uptake kinetics are obtained as the result of a vesiclemediated endocytic transport system [86] . The yeast Sacharomyces cerevisiae has a low affinity linear component for glucose transport system that is unrelated to facilitated diffusion [87] .
The existence of another possible mechanism (i.e., vesiclemediated, fluid phase endocytosis) in plant cells was long stifled by the belief that vesicle formation in plant cells was not possible against a positive hydrostatic pressure [88] , despite evidence to the contrary (see [89] ). However, sufficient data now exist that support the bulk movement of extracellular fluids to the vacuole [63, [90] [91] [92] as initially suggested by Paramonova [93] for sugarbeet roots. The transfer of membrane impermeable fluorescent dyes (Fig. 3A) and of nano-particles (Fig. 3B) to the vacuole (see [88] for additional supporting data), their containment within membranous vesicles (Fig. 3C) , and the documentation of vesicle formation at the inner face of the plasma membrane during incubation in sucrose (Fig. 3D ) support a system of bulk transport of solutes from the apoplast. This is especially true since all the above events, characteristic of endocytosis, were obstructed by endocytic inhibitors and their manifestation was dependent on the presence of sucrose [91] or glucose [92] in the incubation medium. In the absence of sucrose, uptake of endocytic markers was nearly completely abolished [91] whereas the absence of glucose in BY-2 cells abolished the formation of endocytotic vesicles [92] .
The participation of fluid-phase endocytosis in the overall process of extracellular solute uptake does not exclude the involvement of membrane-bound transporters since both processes likely operate in a coordinated manner [92, 94] . Their synchronous functioning was initially demonstrated using cytoplasts (cells with vacuoles removed) incubated with the membrane-impermeable Texas Red-fluorescent dextran (mw 3000; d-TR) and the green fluorescent glucose analog 2-NBDG [94] . During incubation, cytoplasts took up both markers differentially (Fig. 4) . In this figure, the fluorescent cytosol is indicative of 2-NBGD transport across the plasma membrane, while the overlapping fluorescence of 2-NBDG and d-TR in internal structures demonstrate their co-localization in endocytic vesicles [94] . The above results were later confirmed in tobacco BY-2 cells [92] . Taken together, the data from sycamore cytoplasts [94] and tobacco BY-2 protoplasts [92] demonstrate that glucose uptake into heterotrophic cells involves separate but synchronous transport processes depending on the final destination of the hexose molecule (i.e., cytosol or vacuole) (Fig. 4) . Sugars needed to support immediate metabolic demands are transported to the cytosol by plasma membrane-bound carriers whereas those to be stored in the vacuole are transported in bulk by an endocytic transport system.
Although triggered by the presence of solutes in the apoplast, fluid phase endocytosis is a non-specific transport system. Solutes are indiscriminately trapped with the apoplastic fluid during vesicle formation. Once internalized in vesicles, solutes do not appear no to be transported directly into the vacuole, but rather converge at a sorting organelle. When tobacco BY-2 cells were incubated in 2-NBDG and RFP-tagged SYP61 (a TGN marker), external fluids containing 2-NBDG rapidly accumulated in the TGN [92] . That vesicle cargo is accumulated and distributed at some internal sorting organelle was implied by earlier experiments using d-TR and CdSe/ZnS quantum dots [95] . After initially co-localizing in small cytosolic vesicles, the soluble fluorescent d-TR appeared in the central vacuole whereas the CdSe/ZnS quantum dots were segregated to undefined cytosolic structures.
The link between vesicle-mediated fluid phase endocytosis and the sucrose accumulation was later defined by analyzing the effect of phloridzin and latrunculin-B (sucrose/H + symport and endocytosis inhibitors, respectively) in the accumulation of sucrose and the endocytic marker Alexa-488 in turnip (Brassica campestris L.) storage parenchyma cells [96] . At low external sucrose concentration, phloridzin, but not Latrunculin-B, greatly reduced sucrose accumulation. By contrast, at high external sucrose concentration, both phloridzin and Latrunculin-B significantly inhibited sucrose accumulation. These results indicated that: (a) within the hyperbolic phase of the sucrose accumulation curve most of sucrose enters the cell via plasma membrane-bound carrier(s); and (b) within the linear phase, both plasma membrane bound carriers and fluid-phase endocytosis participate in sucrose accumulation; the involvement of fluid phase endocytosis increasing parallel to external sucrose. The uptake of d-TR by parenchyma cells was also reduced by two endocytis inhibitors with different modes of action (Latrunculin B and LY-294002) in celery tissue slices incubated in mannitol at concentrations within the linear uptake phase [97] . The temperature dependent uptake was minimal at 4 • C, but increased sharply at 15 • C and reached a maximum at 30 • C demonstrating metabolic involvement.
Even in the absence of external sugars, membrane impermeable fluorescent dyes (Alexa-488 and d-TR for turnip and celery, respectively) consistently accumulated in cells of celery and turnip storage parenchyma, albeit at much reduced levels [92, 96, 97] . The low level accumulation of both endocytic markers was strongly inhibited by LY294002, implying the participation of a basal endocytic network. A basal level of endocytosis in plant cells is believed responsible for the continuous turnover of membrane components [92] , the retrieval and desensitization of receptors for signal dispersal [98] , and the dynamic redistribution of cell wall pectins [63] . Given that all types of endocytic systems carry a fluid-phase component, bulk transport of extracellular metabolites may well participate in photoassimilate uptake at all times, although its contribution to the total uptake may vary with changing extracellular conditions.
Solute efflux from the vacuole
The mobilization of vacuolar components is a primary function of many cells especially those of tubers, hypocotyls, roots, rhizomes, and corms during resumption of vegetative and/or reproductive growth, and of seeds during germination. In photosynthetic cells, the vacuole exports sucrose during the early dark periods [99] and at times of low photosynthetic activity. As a storage compartment, the vacuole is therefore intimately involved in the export of metabolites, whether their final destination is the cytosol (to fuel cellular demands) or the apoplast (for transport to growing tissues).
By virtue of their higher concentration within the vacuole, transport of solutes to the cytosol is energetically favorable and should not require the involvement of an active transport system. Functional analyses of tonoplast-bound inositol [44] , monosaccharide transporters [47] and sucrose-symporters [47, 79] demonstrate that these transporters are capable of solute efflux from the vacuole under the appropriate conditions and under control of their concentration gradient and H + . A vacuolar glucose exporter involved in cellular homeostasis has been identified in Arabidopsis, but its mode of action is still unclear [100] . Export of other solutes, such as NO 3 − [101] and SO 4 2− [102] , are also believed to be channeled by their respective symporters, or passively through inion channels [103] . Nevertheless, the efflux of solutes from the vacuole, accompanied by H + would dissipate the established H + unless an active counter flux of protons operates simultaneously. It is noteworthy that efflux of sucrose [104] and amino acids [46] from tonoplast vesicles was enhanced by ATP, whereas sucrose uptake into artificially energized sweet lime tonoplast vesicles was substantially reduced in the presence of ATP [78] . Although some amino acid efflux is also enhanced by a non-hydrolyzable ATP analog [105] , it is evident that export from the vacuole is not guided simply by passive transport down a concentration gradient. Outward movement of sucrose from the vacuole was also demonstrated when ATP was added together with UDP to sucrose loaded tonoplast vesicles [106] . In this case UDPG was recovered in the media, strongly suggesting the formation of a metabolic unit comprising of a sucrose carrier, an ATPase unit, and sucrose synthase [106] . The evolutionary advantage of this configuration is that regulation can be achieved for individual metabolites as required by the cell.
To supply external demands, vacuolar solutes must reach the vascular tissue in a process that remains essentially unexplored. Whether transport of mobilized solutes to the vascular elements is apoplastic or symplastic is not yet known. However, it seems likely that exported solutes take an apoplastic route based on evidence from sugar maple (Acer saccharum; [107] ) where mobilized sugars during spring flush run through the xylem. Personal observations of sprouting etiolated redbeet hypocotyls where the red vacuolar fluorescent betacyanin is visualized within the xylem elements support this concept. Comparable to the uptake process, efflux of solutes from storage cells have to either cross two confining membranes or to be shuttled directly to the apoplast. Indirect evidence for a direct route between the vacuole and the apoplast comes from demonstrations of the presence of fructans in the apoplast, phloem, and xylem tissues [108, 109] . Fructans are synthesized and stored in the vacuole, therefore, transport of these large membrane impermeable polysaccharides to the apoplast is difficult to envision by a process other than exocytic vesicle transfer from the vacuole [109] . Observations made of red beet hypocotyl storage parenchyma cells during reserve mobilization, a condition prompted by resumption of growth, support this concept [2] . After a period of imposed dormancy, hypocotyl cells begin to mobilize their vacuolar reserves to supports the growth of leaves, roots, and reproductive organs. During this process, the vacuole of storage cells fragments into smaller vacuoles/vesicles, structures easily recognizable by their red pigment. The fusion of the vesicles with the plasma membrane (Fig. 5) allows vacuolar nutrients to reach the apoplast, facilitating transport to demanding sinks. Vesicle mediated vacuolar mobilization is also a common feature during nectar [14] and salt secretion [13] , processes that require high rates of vesicle transport [2] .
Efflux of solutes from the vacuole to the apoplast can also be achieved by the successive crossing of tonoplast and plasma membrane through membrane-bound carriers. For sucrose, the presence of sucrose symporters SUC4 [47] and SUT2 [110] at the tonoplast and the SWEET sucrose transporters at the plasma membrane [111] facilitate this transport. Therefore, comparable to accumulating cells, and depending on the plant/cell demands, transport from the vacuole is accomplished through the intervention of membrane-bound transporters and intricate vesicle transport systems described in a previous review [2] .
Concluding remarks
Considering the variety of metabolites unloaded by the phloem elements to the apoplast of storage tissues and their daily fluctuations in response to environmental conditions, it becomes evident that the overall process of transport, accumulation, and storage into the vacuole must be highly regulated, not only for each individual solute molecule, but for their collective sum. Many factors such as species and solute specific saturation kinetics, developmental stage and osmotic potential must play influential roles in the overall process [96] . These are mediated jointly by, as in the case of sucrose, individual molecule transporters such as plasma membrane- [39] and tonoplast-bound carriers [31] , sugar facilitators [111] , and bulk transport by fluid-phase endocytosis [112] . The combined interaction and interactions of these uptake processes have not been fully addressed. Based on kinetic and physiological inconsistencies, and on newer and existing data (presented above), we envision a pathway for solute accumulation into the vacuole of storage cells that integrates both membrane bound transporters and fluid-phase endocytosis, and removes elements of unregulated facilitated diffusion. This model is supported by physiological, biochemical and molecular data collected from a broad range of tissues and cell types, as discussed above. During the accumulation phase in storage organs, and at low external photoassimilate concentrations, plasma membrane-bound carriers mediate transport into the cells mainly supporting intracellular metabolic activity. This phase described as high-affinity/low-capacity transport, seems perfectly adapted in that the generally low Km's of these carriers enable movement against a concentration gradient [113] . This regulates the influx due to their kinetic plasticity in response to carbohydrate availability [114] . Excess metabolites can be sequestered in the vacuole by their corresponding tonoplast-bound transporter activities, but the presence of the sucrose/H + antiport still awaits confirmation. Other apoplastic solutes are concurrently transported by their respective carriers or transporters supporting cellular demands. As the external concentration of photoassimilates increases (probably a combination of sugars, other photoassimilates and osmotic signals), a bulk transport vesicle-mediated system is triggered that collectively shuttles solutes to the vacuole bypassing the cytosol (Fig. 6) . That fluid-phase endocytosis is induced by a combination of factors and not solely by one solute alone is implied by data demonstrating fluctuations in the rates of endocytic uptake under different sugars, sugar alcohols, and various combinations [92, 97] . By bypassing the cytosol in contained vesicles, solutes are removed from their interaction with cytosolic components and from possible enzymatic attack by cytosolic enzymes. Also, transport in contained vesicles protects the highly regulated cytosol from possible disruption brought about the constantly changing flow of metabolites arriving from source cells. In this manner, "reserve" solutes are transported in bulk directly to the vacuole, whereas other solutes needed for cytosolic metabolism are transported by plasma membrane-bound carriers and transporters.
It is most certain that energy factors play a vital role in the regulation of the multitude transport systems directing simultaneous solute uptake. It is also likely that the formation of membrane transport vesicles is an energetically costly endeavor. Based on the simplified in vitro experiments where photoassimilates uptake are often investigated individually and where conditions are far from those take place in vivo, some inferences can be made. The cost of maintaining the H + necessary to energize solute transport across the tonoplast at low external concentrations is sufficiently covered by the abundant ATP returns from the respiratory oxidation of transported carbohydrates. At higher external solute concentrations, however, the process of fluid-phase endocytosis becomes energetically cost effective since energy expenditure per vesicle (formation and transport) is constant whereas the bulk amounts of photoassimilates trapped and accumulated increase above a concentration threshold level [96] . The involvement of fluid-phase endocytosis, therefore, increases parallel to external photoassimilate concentration without additional energy expenditures.
Despite the enormous strides accomplished over the past decades, our understanding of an integrated functioning vacuole is still rudimentary. Based on our present knowledge, it is difficult to draw firm conclusions regarding solute transport to and from the cytosol, apoplast and vacuole of storage cells. However, the available information supports the likelihood of a combined transporter/vesicle-mediated system for solute transport to distinct cell compartments. The use of modern techniques of biochemistry, microscopy, and cell biology and the availability of plants with mutations in the transport process should add substantial information needed to create a definite picture of intracellular transport systems originating from the vacuole.
